ABSTRACT In this study, we evaluated the red sea bream iridoviral disease-resistant (RSIVDresistant) trait of broodstock of red sea bream used in a commercial production based on DNA parentage analysis. We compared family structures of two groups from the same production lot and cultured at two different farms: a population without any outbreak of diseases (farm A) and a high mortality population after an RSIVD outbreak (farm B). The survival percentage of the fish at the farm A and farm B were 86.4% and 20.5%, respectively. Pedigree tracing was conducted on 200 individuals from each farm using eight microsatellite DNA markers among 22 potential breeders (20 dams and 2 sires), and parental pairs at farm A and B were successfully assigned with 93.0 and 90.5%, respectively. After allocating parentage information to each specimen collected from both farms, the estimated survival percentages of each family were calculated. The estimated survival of offspring from a male was 82.3%, and this survival was higher than that from the other male (estimated survival was 2.5%). Also, offspring from a female showed a high survival. These results suggest that some broodstock have resistant traits against RSIVD and shows the potential for developing an RSIVD-resistant strain of red sea bream.
Red sea bream iridoviral disease (RSIVD) caused by the red sea bream iridovirus (RSIV) is a major cause of mortality in red sea bream (Pagrus major) farming in Japan. RSIVD was first reported in cultured red sea bream in an outbreak in Ehime Prefecture, Japan, in 1990 (Inouye et al., 1992) . This viral disease has since been observed around Japan (Nakajima and Kurita, 2005) and also confirmed in 30 other cultured marine fish species (Kawakami and Nakajima, 2002) . Fish after being infected with RSIV become lethargic and have severe anemia, petechial of the gill and enlargement of the spleen (Inouye et al., 1992) . The vaccine for RSIV was approved in 1999 for juvenile red sea bream, and vaccination significantly reduces mortality caused by RSIVD (Nakajima et al., 1997) . However, vaccination of a large number of fish is costly and laborintensive: not all farmers use the vaccine and RSIVD is still prevalent in red sea bream aquaculture. Injecting vaccine into millions of small seedlings (approximately from 3 to 4 cm) is also impractical in hatcheries.
Therefore, developing a prevention method for RSIVD without vaccination is needed to improve production efficiency and sustaining the red sea bream aquaculture industry.
Recently, disease-resistant strains have been developed in several aquaculture fish species and have reduced mortality caused by viral diseases (Moen et al., 2015; Moldal and Bornø, 2015) . Quantitative trait loci of these disease-resistant traits were identified and used for marker-assisted selection (MAS) (Fuji et al., 2006; Fuji et al., 2007; Moen et al., 2009; Houston et al., 2010) . These seedlings bred by MAS are now commercially available and show robust results in aquaculture. Thus, discovering broodstock individuals that show RSIVD resistance will be a first step in developing an RSIVDresistant strain in breeding programs of red sea bream.
It is empirically known that not all fish died after a mass mortality from RSIVD in aquaculture. We observed that approximately from 10 to 30 percent of juveniles without vaccination survived after massive outbreaks of RSIVD in the aquaculture at a seed production company (Sawayama, personal comment) . It is unknown whether the fish that survived have some genetic background for resistance to RSIVD or gained immunity against RSIV during the outbreak. If the family structure of cultured red sea bream after a mass mortality from RSIVD is significantly different to that before the outbreak, a genetic factor for survival is suggested. On the other hand, if the family structure is the same as before the outbreak of RSIVD, then genetic factors are not involved. If a genetic factor is suggested, surviving offspring would be useful for the next-generation of breeding for RSIVD resistance. We have already developed a methodology to evaluate genetic/environmental factors associated with some economic traits based on DNA parentage analysis in red sea bream (Sawayama and Takagi, 2011 , 2014 . Guy et al. (2006) also investigated the mortality of infectious pancreatic necrosis (IPN) in each family of Atlantic salmon (Salmo salar) based on PIT (passive integrated transponder) tag records and DNA genotyping and revealed a family difference in resistance in the field. Therefore, the RSIVD resistance of each family in red sea bream can be evaluated by analyzing the family structure of a convalescent population.
In this study, we conducted DNA parentage analysis of two groups of red sea bream cultured at two different farms: a high mortality population after an RSIVD outbreak and a population without any mortality from RSIVD. These fish cultured in both farms were produced from the same batch of fertilized eggs, and the genetic background of the cultured fish was the same in both farms. Therefore, a genetic factor associated with survival against RSIVD can be estimated to compare the family structure of the fish in both farms. The aim of this study is to discover RSIVD-resistant broodstock based on the survival rate of offspring in each family for future breeding programs.
Materials and Methods

Study design
We collected fish specimens from two farms to compare how RSIVD affected family structure and estimated t h e s u r v i v a l r a t e ( % ) o f e a c h f a m i l y in vivo. Theoretically, it is better to compare two cohorts of fish before and after high mortality from RSIVD from the same net cage. However, we did not collect fish specimens before RSIVD because we did not foresee RSIVD at that time. Therefore, to compare the family structure of red sea bream before and after high mortality from RSIVD, the same lot of fish cultured at a different fish farm where an RSIVD outbreak did not occur was accepted as a control group.
Fish
A total of 22 broodstock (20 dams and 2 sires, two years old) were used for the seed production in 2012. Because the broodstock were young and nuptial color was not seen when the broodstock individuals were used for spawning, the ratio of sex in the broodstock was unknown at that time. In 2013, the sex of the same broodstock was confirmed by visual observation of nuptial color and stripping gametes.
The broodstock were allowed to spawn freely in May 2012. Fertilized eggs were collected for three days and introduced into three separate 50 kL tanks at a density of approximately 15,000 eggs/kL. All procedures during seed production were followed according to the hatchery manual (Sawayama and Takagi, 2015) . No massive deaths were observed during seed production. At 80 dph, these fish were size graded and moved to two fish farms: farm A (located in the north of Ehime Prefecture (34°15′N, 133°09′E,) ) and farm B (located in the south of Ehime Prefecture (32°94′N, 132°56′E,) ). The rearing density of the red sea bream was set at 45,000 individuals per net cage (10×10×10 m). Fish produced from the same egg batch were treated as the same lot and were separately maintained. That is, they were not mixed with the other egg batches.
Dead fish were counted every day from one week after introduction to three months at farm B. No remarkable mortality was observed at farm A during the three months of culturing, and therefore the survival rate was estimated at the end of culturing. The survival rate (%) was calculated using fish cultured in one net cage as Survival rate (%) = Nt/Ni × 100 where Nt is the number of fish counted after RSIVD was terminated, and Ni is the number of fish when introduced into the net cage.
After RSIVD was naturally terminated, 200 fish specimens produced from the same egg batch were collected from each farm. The total length and body weight of the fish specimens were measured, and a piece of caudal fin from each specimen was stored in 99.5% ethanol for further DNA analysis.
Genotyping by microsatellite DNA markers
Genome DNA was extracted using a High Pure PCR Template Preparation Kit (Roche Diagnosis, Tokyo, Japan) from portions of caudal fin of specimens according to the manufacturer's protocol. The primers of eight polymorphic microsatellite loci, Pma-2 * , -3 * , -4 * , and -5 * (Takagi et al., 1997) ; Pma22-9 * and Pma4-32 * (Hatanaka et al., 2006) ; and Kpm2 * and Kpm22 * (Blanco- Gonzales et al., 2012) were amplified using polymerase chain reaction (PCR). The general PCR protocol was 50 ng of extracted DNA, 0.1 μM primer, 0.2 μM deoxynucleotide triphosphates (dNTPs), 0.05 μL 99% formamid, and 2.5 units Ex taq polymerase (Takara Bio, Shiga, Japan) with 10×buffers to a total volume of 5 μL. The PCR reactions were carried out on a PC816 (Astec, Fukuoka, Japan) using the following profile: 30 cycles of 95°C for 30 s, annealing temperature for each primer pair for 30 s, and 72°C for 30 s. The annealing temperature followed our previous study (Sawayama and Takagi, 2016) . Forward primers were labeled with fluorescent dyes, and reverse primers were tailed (Applied Biosystems, California, USA). The PCR products were multi-loaded and separated by electrophoresis using an ABI Prism ® 310 Genetic Analyzer (Applied Biosystems) for fluorescent-labeled PCR products. Alleles were scored using PeakScanner ® Software v1.0 (Applied Biosystems).
Data analysis
Allelic number, allele frequencies, as well as the observed and expected heterozygosities of eight neutral microsatellite markers were calculated with GenAlEx V. 6.3. (Peakall and Smouse, 2006) . To correct for bias due to sample size, allelic richness was calculated as the average number of alleles per locus per population based on the smallest sample size using FSTAT version 2.9.3 (Goudet, 2001) .
Microsatellite profiles for the eight loci were used to identify the most likely parents among the 22 potential breeders for all the specimens analyzed. Parentage assignment was performed using the exclusion-based approach implemented in the program Cervus 3.0 (Kalinowski et al., 2007) . Critical values for the Δ statistics (confidence levels at 80 and 95%) were generated by 100,000 bootstrap cycles from broodstock allele frequencies. A default genotyping error rate of 1% was used and it was assumed that all parents were sampled.
After allocating parentage information to each specimen collected from both farms, the estimated survival rates (%) of maternal half-sibs, paternal half-sibs and full-sibs were calculated. The frequency of each sibship from farm A was multiplied by the number of fish introduced to the net-cage (n = 45,000) and the family size was estimated when introduced to the net cage (Ni-fam). The frequency of each sibship from farm B was multiplied by the number of fish harvested from the net-cage and the family size was estimated after RSIVD was terminated (Nt-fam). These estimated numbers in each family were used to calculate the estimated survival rate (%) of each family as follows:
Survival rate (%) per family = Nt-fam/Ni-fam × 100. When offspring were observed in only one farm, the family was not used to calculate the estimated survival rate.
Results
Survival at two farms
No obvious death was seen at farm A, and the survival rate at farm A was 86.4%. Mortality rate of the farm B population are shown in Fig. 1 . At farm B, approximately 40 fish died 10 days after introduction and the number of dead fish gradually increased. At this time, the dead fish were examined for fish pathogen and diagnosed with RSIVD by visual observations of clinical signatures such as spleen and gills and RSIV-specific PCR using DNA extracted from spleen (Caipang et al., 2003) . Forty-two days after introduction, mortality reached a peak of 2,462 dead individuals a day, and the survival rate was almost 50%. Mortality was gradually decreased and stabilized. At the end of the rearing, 9,237 individuals were harvested, and the survival rate of the farm B was calculated as 20.5%.
Population genetic parameters
Population genetic parameters such as the number of alleles, allelic richness, and observed and expected heterozygosities are shown in Table 1 . The number of alleles and allelic richness of the two populations at farm A and farm B decreased slightly compared with the broodstock. The observed heterozygosity of the farm A population was highest compared with the broodstock and the farm B population. The expected heterozygosity of both the farm populations decreased slightly compared with the broodstock. The ratio of the observed and expected heterozygosities ranged from 1.017 to 1.250, and the value of the farm A population was highest.
Family association at the two farms and estimated survival rate
We successfully assigned parental pairs of N = number of specimens; Na = average number of alleles at eight loci; Ar = allelic richness; Ho = observed heterozygosity; He = expected heterozygosity; Ho/He = ratio of observed and expected heterozygosities.
individuals using eight microsatellite DNA markers with 93.0% and 90.5% at farm A and farm B, respectively. The observed and estimated number of fish individuals and the survival rate (%) of the maternal half-sibs at farm A and farm B are shown in Table 2 . Thirteen females were associated with the individuals at farm A and seventeen females were associated with the individuals at farm B. Two females were not associated with the offspring. The association of females in the analyzed samples ranged from 0 (0%) to 69 (37.1%) at farm A and from 0 (0%) to 35 (19.3%) at farm B. Six maternal halfsibs were common to both farms and used to estimate survival. The estimated survival rates of the maternal half-sibs ranged from 2.6 to 100%. D12 and D14 showed 100% survival. No association was observed in D2, D5, D6, D7, and D17 at farm A and D4 at farm B, and these families were not used to calculate the estimated survival rate. The observed and estimated number of fish individuals and the survival rate (%) of the paternal half-sibs at farm A and farm B are shown in Table 3 . A male, S1, was associated with 42 individuals (22.6%) of offspring in the farm A population but with 164 individuals (90.6%) in the farm B population. On the other hand, another male, S2, was associated with 164 individuals (77.4%) in the farm A population but with only 17 individuals (9.4%) in the farm B population. The survival rate was also calculated with the rearing density, and the survival rates of offspring from S1 and S2 were 82.3 and 2.5%, respectively.
The observed and estimated number of fish individuals and the survival rate (%) in male S1-related full-sibs at farm A and farm B are shown in Table 4 . Nine and seventeen S1-related full-sibs were found at farm A and farm B, respectively. The frequency of each full-sib family in the analyzed samples ranged from 0 (0%) to 9 (21.2%) at farm A and from 0 (0%) to 32 (19.5%) at farm B. Eight S1-related full-sibs were common to both farms and used to estimate survival. A low survival rate was observed in the full-sibs S1 × D3 (4.7%) and D11 (10.2%). A modest survival rate was observed in the full-sibs S1 × D1, D9, D15, and D18, and ranged from Asterisks in survival rate of each family indicate that survival rate was not estimated because offspring were confirmed in only one farm (farm A or farm B) and the value would be biased. 29.6 to 56.4%. Two full-sibs showed a 100% survival rate (S1 × D8 and D14). The observed and estimated number of fish individuals and the survival rate (%) in the male S2-related fullsibs at farm A and farm B are shown in Table 5 . Twelve and seven S2-related full-sibs were found at Asterisks in survival rate of each family indicate that survival rate was not estimated because offspring were confirmed in only one farm (farm A or farm B) and the value would be biased. Asterisks in survival rate of each family indicate that survival rate was not estimated because offspring were confirmed in only one farm (farm A or farm B) and the value would be biased.
farm A and farm B, respectively. The frequency of each full-sib family in the analyzed samples ranged from 0 (0%) to 66 (45.9%) at farm A and from 0 (0%) to 5 (29.2%) at farm B. Seven S2-related full-sibs were common to both farms and used to estimate survival. A low survival rate was observed in the full-sibs S2 × D8, D9, D10, D15, and D18, and ranged from 0.6 to 10.9%. A modest survival rate was observed in a full-sib S2 × D12 (56.4%). A full-sib, S2 × D14 showed a 100% survival rate. No association was observed in D1, D3, D11, D13, and D16 at farm A, and these families were not used to calculate the estimated survival rate.
Discussion
In this study, we compared the family structures of fish at two farms, one with an observed mass-mortality from RSIVD and one without. Ideally, it is better to compare two cohorts: before mass-mortality caused by RSIVD and after termination of RSIVD in the same net cage. Millions of seedlings are produced in one production lot at a commercial hatchery. The family structures may be biased in each net cage and/or farm, even if the same lot of seedlings is introduced. We sampled only 200 individuals per farm, and this small sample size from the whole production may have also resulted in bias when the family structure was reconstructed. In addition, the sampling was conducted three months after introduction to the farms. The mortality caused by other diseases and factors in the three months of rearing between both farms could possibly affect the family structure. Pedigree tracing revealed large numbers of full-sibs at farm A and farm B, and this large number of full-sibs containing a few individuals significantly affected the evaluation of survival rate calculated using data from the two farms. In fact, a maternal half-sib (D6) was frequently observed at farm B and 1,633 individuals belonging to the half-sib were estimated, but no individual belonging to the half-sib was observed at farm A. At the least, the same number of individuals associated with the half-sib (approximately 7 individuals) should have been observed at farm A. Therefore, this rate of sampling error will be occurred in this study. However, taking into account of the disadvantages explained above, comparing the family structure of the fish at the two farms, affected by RSIVD or not, provides significant information on the genetics of RSIVD resistance of this species in a commercial situation and suggestions for broodstock management and breeding programs against RSIVD.
The ratio of observed and expected heterozygosities (Ho/He) at the farm B was higher than the other populations analyzed, and convalescent individuals tend to an excess of heterozygosity, which suggests that heterosis may affect survival against RSIVD. Eszterbauer et al. (2015) explain that allelic diversity of brown trout (Salmo trutta) broodstock may constitute a significant factor in the myxozoan parasite, Myxobolus cerebralis, in the subsequent generation. Interspecific cross with genetically different strains is possibly useful to develop RSIVD-resistant seedlings in red sea bream.
A single male, S1, was significantly associated with the convalescent population at the farm B. In addition, RSIV was not detected using RSIV-specific PCR from the semen of the sire, and vertical infection was not found (data not shown). These results strongly suggest this male has a resistant trait to RSIVD compared with the other male individual. Only two males were in the broodstock population, and here the survival rates of two different paternal half-sibs were successfully compared with enough numbers of offspring and so a reliable result was obtained. Therefore, the male resistant to RSIVD is a useful candidate for a future breeding program. However, our study only compared the survival of offspring associated with two male individuals, and stronger individuals against RSIV infection may exist in other broodstock and wild populations. Also, some full-sibs associated with S1 showed lower survival rates (Table  5 ). Further family-based artificial infection with RSIV in an experimental condition will be needed to reconfirm the RSIVD-resistant trait of the male S1.
Full-sib families associated with D14 showed the highest survival rate even though S2 was highly sensitive to RSIVD. The full sib, S2 × D14, was associated with 29.2% (n = 5) of individuals at farm B, one of the most dominantly observed full-sibs associated with S2 at farm B. The number of offspring belonging to S2 at farm B was very small (n = 17) and was not enough to evaluate the trait. To confirm the resistance of the two females, test crosses using these females and artificial infection of RSIV will also be required.
The genetic diversity of farmed red sea bream has decreased during domestication based on neutral microsatellite DNA marker analysis (Sawayama and Takagi, 2016) , as it has with other domesticated fish species (Loukovitis et al., 2012; Gutierrez et al., 2016) . It is known that polymorphisms of neutral markers and traitassociated markers synchronously decrease during selective breeding in farmed fish (Martinez et al., 2013) . In addition, there are at least three genetically defined clusters in the farmed red sea bream in Japan (Sawayama and Takagi, 2016) , and difference of RSIVD-resistant trait in each strain is observed at farms. These data suggest that some of the variations of immune genes are lost in the process of selective breeding in this fish species. The potential for developing disease resistant strains may be limited within strains and/or farmed stock. For example, there are more resistant individuals against RSIVD in other farmed populations and wild stocks. Therefore, to estimate the potential for future breeding programs of red sea bream, polymorphisms of functional genes associated with immunity should be confirmed in each farmed strain and wild population. New broods from wild populations and other domesticated strains may be required.
Disease-resistant strains have been developed by using MAS in other aquacultured fish species such as Japanese flounder, Paralichthys olivaceus (Fuji et al., 2006) , and Atlantic salmon, Salmo salar (Moen et al., 2009; Houston et al., 2010) . Hence, the candidate male individual identified in this study and its offspring are possibly useful resources to construct a strain resistant to RSIVD. If the surviving male individuals at farm B have a major gene associated with resistance to RSIV infection, an approach using MAS will be a powerful tool to develop a disease-resistant strain of this species in a short time period for commercial production as previously reported in other farmed fish species (Fuji et al., 2007) . Vaccination is the most useful way to prevent RSIVD, but it is also costly and labor-intensive. Many red sea bream farms are small businesses, and vaccination is a burden on production. Therefore, developing a strain resistant to RSIVD using the candidate male identified in this study may have significant potential for red sea bream aquaculture in the future.
